The solution space of an approximate statistical-dynamic model of the average annual water balance is explored with respect to the hydrologic parameters of both soil and vegetation. Within the accuracy of this model it is shown that water-limited natural vegetation systems are in stable equilibrium with their climatic and pedologic environments when the canopy density and species act to minimize average water demand stress. Theory shows a climatic limit to this equilibrium above which it is hypothesized that ecological pressure is toward maximization of biomass productivity. It is further hypothesized that natural soil-vegetation systems will develop gradually and synergistically, through vegetation-induced changes in soil structure, toward a set of hydraulic soil properties for which the minimum stress canopy density of a given species is maximum in a given climate. Using these hypotheses, only the soil effective porosity need be known to determine the optimum soil and vegetation parameters in a given climate.
INTRODUCTION
The water and heat balances of a land surface are coupled strongly through the evapotranspiration-latent heat equivalence. Estimation of the evapotranspiration over large areas is therefore a central problem of hydroclimatology.
Evapotranspiration and the other soil moisture fluxes are dependent upon the hydraulic properties of the root zone soil and upon the water use characteristics of the vegetation canopy. Because of the large spatial variability of the properties of natural soils [Nielsen et al., 1973] , and because of the high degree of nonlinearity of the fluxes, spatial averaging over the large area elements of either climate or water resource models becomes a nontrivial problem. It must usually be accomplished without adequate information about the properties and states of a soil system which is hidden from ready observation.
The natural vegetal cover can be easily observed, however, and its state (for a given climate) is known to provide an integrated reflection of the subsurface conditions [Walter, 1973] . The time constant of vegetation growth is large with respect to that of the soil-wetting weather system, and the canopy root system encounters the full range of soil variability. We will therefore look to the state of the vegetation canopy for information about the time and space average evapotranspiration. [Eagleson, 1978a-g] . The relationship is approximate in the sense that it trades off physical fidelity in favor of a simplicity designed to facilitate the development of insight and the estimation of parameters. This engineering approximation is particularly apparent in the model's description of both the water use and the biomass production of the vegetation in terms of only canopy density and a species-dependent water use factor. Subsequent testing of the hypotheses should indicate whether increased biological sophistication is required in order to meet the current objectives.
This study is restricted to systems whose biology is limited by either available water or available energy rather than by nutrients, pests, disease, or predators. Furthermore, it deals only with natural systems that are not cultivated, irrigated, or artificially fertilized. A subsequent paper [Eagleson and Tellers, this issue] presents some confirming observational evidence and discusses applications. precipitation. Parent rock of predominately basic composition (e.g., basalt and shale) will, in the presence of sufficient water, weather chemically to yield their potassium, magnesium, and calcium to the soil solution as carbonates which contain some of the most important mineral foods required by vegetation [Eyre, 1968] . Furthermore, the poorly soluble constituents of these basic rocks constitute a fine-particled argillaceous (i.e., clayey) residue with a large water-holding capacity (i.e., high porosity and low conductivity). These hydraulic properties limit the penetration of precipitation into the soil but tend to retain the solutes. The clayey soils thus favor shallow-rooted vegetation.
Parent rock of predominately acidic composition will be relatively inert to the precipitation and may weather primarily by mechanical means. Common acidic igneous rocks such as granite contain a large fraction of inert quartz along with some clay-forming felspar and mica. These silicious rocks weather to produce a largely arenaceous (i.e., sandy) residue which transmits water so readily that the solutes are not retained in the soil matrix. The sandy soils thus support primarily deep-rooted vegetation.
Soil Hydraulic Properties
Of course, soils evolve having a continuous spectrum of textures from clay through silt to sand and gravel. The critical hydraulic properties of soil vary widely even within the same textural class, but over the variety of classes their range is enormous. The overall behavior may be generalized, however, as is shown in Figure 2 . In this illustration, inactive porosity, equal to the void fraction not participating in soil water movement under 'normal' potential gradients; effective or active porosity, equal to n(1 -Sr); saturated effective permeability, cm 2. Brooks and Corey [ 1966] show that k(1) is related to both the shape (i.e., tortuosity) of the pores and to their total size (i.e., porosity). Davis [1969] states that for a given average geometrical configuration of pore space, such as within a particular textural class, the permeability increases with increasing porosity according to k(1) = Ae en (1)
The coefficients A and B will vary with textural class as sketched in Figure 2a . For the fine-particled clayey soils the total particle surface area is enormous. The total pore volume which can be occupied by water that is bound to these surfaces through molecular forces is correspondingly large and the inactive porosity nr dominates. With increasing sand content this volume decreases and the effective porosity rises. As the sandy soil becomes gravelly, the falling total porosity takes over from the decreasing surface area and the effective porosity becomes smaller. This is sketched in Figure 2b . We see from this diagram that over the clay to sand textural range encompassing most soil, permeability and effective porosity are directly related. We will now look more closely at the vegetation. [ Eyre, 1968] : providing an inert medium for the storage and conductance of moisture, and providing a chemically active medium for retaining mineral elements in changeable form.
These two functions have much to do with the nature of the vegetation which appears in the primary succession. As plants live and die, they modify the soil by adding organic matter which changes soil texture and thus soil moisture, in addition to providing nutritional elements. Over time, if all else remains constant, the process leads to a 'climax' system which is in stable equilibrium with its surroundings.
According to Eyre [1968] , given a favorable climate, forest develops on the sandy porous soils where deep root systems are needed to maintain access to the rapidly percolating rainwater. Leaf fall is worked down into the soil from the surface by this percoiation and by the mechanical action of fauna such as worms. This organic matter fills the soil pores, thereby increasing the water-holding capacity and admitting more shallow-rooted vegetal species. In impermeable clays, however, the moisture is concentrated near the surface where it can support primarily the shallow (but densely) rooted species. The continual decay of the roots of these annual species aerates and adds humus throughout the entire root zone, thereby making the soil more permeable and admitting new vegetal species.
The Vegetation-Climate Relation Collinson [1977] describes the relationship between vegetation and climate as 'one of the most difficult problems in ecology.' Indeed, this interaction is at the heart of agricultural science and has occupied researchers since the establishment of agricultural societies. Although whole volumes have been devoted to scientific analysis of the relationship [e.g., Monteith, 1975 When the soil is dry (s = 0), it can only get wetter, and ds/ dt is positive. When the soil is saturated (s = 1) it can only get drier, and ds/dt is negative. Thus, for a given climate and soil, there must be at least one stable root, s = so, for which a small perturbation in s produces a negative feedback that returns the system to the equilibrium condition. Possible examples of one and two stable equilibria are sketched in Figure 3 . We will not worry here about the number of roots or whether a given root is stable or unstable. That is the subject of continuing research. Here we will deal only with the equilibrium condition which, by time-averaging equation (3), is [Eagleson, 1978] 
where No is the net annual above-ground productivity of plant community in g m -2. [Ritchie and Burnett, 1971 ] to 4.5 for deciduous forest [Walter, 1973] , and 10.2 for spruce forest [Larcher, 1975] . Walter [1973] 
Using ( Before attempting an analytical expression of plant coefficient equilibrium, it will be instructive to examine the behavior of (18) and (19) with varying M and ko. This is shown in Figure 10 for the two contrasting climates of Table   1 .
Note first that the vegetal component of evaporation is linear in M, regardless of climate and soil, due to the assumption of unstressed transpiration. The soil component, however, will be linear in M only when the soil properties do not influence the evaporation rate. This occurs in humid, climate-controlled situations where bare soil evaporation is limited only by the atmospheric vapor transport capacity. As we move to drier climates, the soil component becomes progressively more nonlinear. This is due to the dependence of the exfiltration velocity upon the soil moisture which is in turn influenced by the canopy-dependent extraction of soil moisture by the plant roots. The nonlinearity is a measure of the degree to which the soil component is soil-controlled.
In Figure 10 we see that in the scale of this plot the Clinton system is climate-controlled. In such a case with kv = 1, both components behave identically and the total evapotranspiration is a horizontal line, independent of M. Actually, there is Returning now to the equilibrium condition, we will consider first the long term, where the species change is evolutionary. It seems reasonable to expect in this time scale that survival of recurrent drought will evolve plant species with a ko which also maximizes soil moisture. For equilibrium of the plant coefficient therefore, we hypothesize that = 0 ko = ko0 In the long term it is reasonable to expect that vegetal equilibrium will be attained with respect to both M and ko. In this case, (15) and (31) most be satisfied simultaneously. Graphically, it means finding those M -kv pairs which satisfy both Figure 9 and Figure 11 at the same value of the climate-soil parameter E. The locus of joint Mo -koo equilibrium is shown in Figure 12 . It is interesting to note that there is a maximum M0 = 0.42 beyond which equilibrium cannot be achieved with respect to both M and ko.
The variation of these paired values of M0 and koo with
climate-soil is shown by their separate dependence on the (common) parameter E in Figure 13 . Notice in this illustration that as the climate-soil system gets more moist (i.e., large E), the long-term equilibrium koo increases continuously. The canopy density M0 increases until E = 1.4, beyond which M0 falls off with increasing rapidity. There is an apparent maximum E = 2.8 at which M0 goes to zero and beyond which no joint equilibrium of M and ko is possible. This limit is caused by the system coming under climate control, which puts a limit on the total evapotranspiration. Since the soil moisture increases with increasing E in a given climate-soil system (see (A6)), the bare soil component of evapotranspiration will increase with E as will the (normal- Doorenbos and Pruitt [1977] , the vanishing of vegetation canopy for E > 2.8 is contrary to all experience. Thus while maximization of soil moisture seems a logical basis for vegetal equilibrium, it appears applicable, if at all, only to dry (i.e., soil-controlled)climate-soil systems.
As the system becomes wetter, the sensitivity of soil moisture to the canopy properties is gradually lost. In Figure  4 we see that the ecological pressures of water demand stress on off-peak M are not strong due to flatness of the curves In only moderately moist systems, therefore, the opportunity for minimum stress equilibrium vegetal systems is lost, and we must find a new ecological equilibrium criterion. To accommodate observed canopy densities which reach unity in wet systems, we must abandon satisfaction of (30), although (8) may still be satisfied.
In the moist system, control shifts from the available water to the available energy. If vegetal systems tend to maximize their reproductive potential and by virtue of plentiful moisture are not subjected to significant waterdemand stress, it seems reasonable to expect them to maximize their rate of seed production. As a first approximation to this we hypothesize that the moist system will be under ecological pressure to maximize biomass productivity for the given rate of energy supply. We assume the rate of production of biomass to be proportional to the rate of canopy water use as given by (7). In a given climate and with the plant species fixed through some limitation other than water, maximization of biomass productivity reduces to maximization of canopy density. We will look for this behavior in the water balance by exploring the sensitivity of the water balance elements to variations in the two dynamic soil parameters k(1) and c. The third independent parameter ne will be kept constant, as will the plant coefficient ko and the climate. We will look again at the two contrasting climates, Clinton, Massachusetts and Santa Paula, California (see Table 1 The soil moisture and water balance components look similar to those presented earlier [Eagleson, 1978f, p. 752] for the same climates but with bare soil. An exception is the evapotranspiration component where the presence of vegetation produces a peak value in both climates. This peak in evapotranspiration is reflected in a similar peak in the canopy density, as is expected from their direct proportionality as seen in Figure 13 . It is this peak canopy density which is of primary interest in this section, and it will be referred to as the 'climatic climax' density, M0*.
The magnitude of M0* and its location in k(1) -c soil space can be determined most easily from an M0 contour map, as is sketched in Figure 18 . The soil-space contours of canopy density are presented in Figures 19 and 20 for the climates of Clinton, Massachusetts and Santa Paula, California, respectively. Added to these diagrams are dashed contours of soil moisture concentration to emphasize the fact that this climatic climax hypothesis for soil-vegetation development does not give the global optimum soil moisture. This has arisen because of our assumption that the disparate time scales of canopy density adjustment (short term), of species substitution (medium term), and of soil development (long term) will cause the shorter time scale equilibrium conditions to be satisfied in the longer term. Thus in the longer term the system changes gradually from one M0 to another M0, always locally optimized with respect to soil moisture. The survival pressure to minimize stress by increasing soil moisture is therefore weak. It may guide the direction of the developmental path toward higher biomass, but (we hypothesize) the dominant survival pressure will come from maximization of the reproductive potential through biomass and hence through water use.
It is important to note that satisfaction of (34) and ( (36) is zero for the climatic climax condition. Since E is also a maximum at M0 = M0*, the denominator of (36) is also zero. The left-hand side of (36) is thus indeterminate instead of being zero as is required by the vegetal optimum condition (33). For a given ko > 1, the value of M0* as given by (34) and (35) cannot exceed the peak M0 given by (33). As we increase M0 from zero to find the climax value M0* at some ko, we will therefore be operating with an E that is less than or equal to the value E0 at which (33) is satisfied. When E = E0, our M0 topography has reached its highest possible elevation for this ko, but the contour M0 = M0* may enclose a finite area in soil space. This E = E0 (M0 = M0*) contour is actually the rim of a volcano. As will be seen in the second paper of this set [Eagleson and Tellers, this issue], contours of ever smaller diameter will show decreasing M0 but increasing E until a maximum E is reached above which the soil moisture can no longer be maximized (for this ko) and the 'crater' becomes bottomless. To remove this indeterminacy we further hypothesize that the short-term optimum is always satisfied in the long term. This forces M0* to satisfy (33) but reduces the crater to a point in soil space. This hypothesis is evaluated in the second paper of this set [Eagleson and Tellers, In moist climate-soil systems the soil moisture becomes insensitive to vegetation changes and can be maximized only with respect to canopy density. Maximization of minimum stress canopy density (and hence biomass productivity) for a given plant species provides a rational criterion leading to complete vegetal cover and a plant coefficient of unity for very humid systems. Here the species may be subject to ecological pressure for longer-term change toward higher biomass productivity.
These hypotheses result in a relationship specifying the time average evapotranspiration efficiency of landsurfaces given only the density of the (natural) vegetation canopy, a water table parameter (which is usually zero), and a surface retention parameter. This relationship is independent of the soil properties and hence should be useful, if valid, in estimating the elements of both the water and heat balances given only the properties of the climate.
There is shown to be a set of hydraulic soil properties (saturated permeability and pore disconnectedness index) for which the minimum stress canopy density of a given species has a maximum value in a given climate. Maximization of biomass productivity is then assumed to control the long-term joint development of soil and vegetation. in which mi is the average rainstorm intensity, cm d -1, and
